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1. Introduction
Detailed knowledge of local geoid surface recently has 
become increasingly important in order to fully use the 
potential of accurate geocentric positions, provided by 
GNSS. Along with gravimetry, astrometric determina-
tion of vertical (plumb line) deflections can give im-
portant contribution in determination of local geoid 
properties (Featherstone, Rüeger 2000; Featherstone, 
Lichti 2009). Recent advances in a number of scientific 
and technological fields (accurate astrometric reference 
star catalogs, development of digital imaging technology, 
high accuracy tiltmeter technology, and, most of all, geo-
centric coordinate availability using GNSS) have made it 
possible to use astrometric methods for accurate, fast and 
automated determination of vertical deflections. Zenith 
cameras for this kind of measurements have been devel-
oped or are being developed by several research groups 
(Hirt 2006; Hirt, Flury 2008; Hirt et  al. 2010a, 2010b; 
Hirt, Seeber 2008; Kudrys 2007, 2009; Ogriznovic 2009; 
Halicoglu et al. 2012; Gerstbach, Pichler 2003). However, 
their number and accessibility are still small. This paper 
outlines contribution to this research area, intended by 
the Institute of Geodesy and Geoinformation (GGI). The 
project was started in 2010, the goal of it is to design a 
portable, cheap and robust instrument of this type, using 
industrially produced components as much, as possible.
2. Camera construction
All digital zenith cameras share basically the same con-
struction principles  – they consist of optical tube with 
imaging device (usually a CCD assembly) on a mount, 
equipped with precision tiltmeter (preferably biaxial), 
which can be rotated around vertical axis. Design, pro-
posed by GGI (Fig. 1) is similar – the prototype camera 
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Fig. 1. Prototype zenith camera 
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has a 20 cm catadioptric telescope with 1390 mm focus 
distance and imaging device with 1350×1024 square 
6.45  mkm pixels, covering field of 0.35×0.27  dg (reso-
lution 0.95″ per pixel, image area 0.1 sq. dg.). The final 
construction will use slightly bigger optics (a 8″ catadi-
optric telescope with focus distance of 2000 mm) and 
imaging device (3300×2500 5.4 mkm pixels; 0.56″/pixel; 
0.5×0.39 dg field). Telescope assembly is supported by 3 
small precision bearings, rolling on a flat horizontal sup-
port surface, and can be rotated around vertical axis by 
any angle using a stepper motor. Tiltmeter is mounted 
on telescope barrel. In the final version rotating part will 
have a battery power source and will communicate with 
control computer using a wireless (WiFi) communica-
tion device, however, presently tests are carried out using 
wired connections.
Test observation site is located in the center of city 
and has rather unfavourable imaging conditions: smog; 
heavy background illumination from city lights, vibra-
tions caused by transport and other nearby activities. 
However, images, obtained by prototype instrument 
show stars of up to 13m magnitude for 0.1 sec exposure. 
It seems reasonable to expect at least 14m with the final 
hardware configuration and in better conditions. In our 
experience, at least about 20 reference stars per frame 
are needed for optimal determination of frame position. 
Taking into account variations in star distribution den-
sity in the sky (Fig. 2), 12m is enough to get 20 stars per 
frame at 0.1 sq. dg. field of view during the denser sky 
period (which occurs to be during autumn-winter in our 
location), 14m is needed to ensure 20 stars per such frame 
in any time. Hypparcos and Tycho2 catalogs (Høg et al. 
2000) are not sufficient to meet such star magnitude re-
quirements, more extensive (and, unfortunately, also less 
accurate) catalogs, like UCAC2, USNO-B (Monet et  al. 
2003) or NOMAD (Zacharias et al. 2005) must be used.
Frame exposure moment is obtained referring the 
pulse, which starts the imaging process, to GPS time 
scale. Timing accuracy of obtained star images is esti-
mated to be within 10 msec, resulting in star position 
accuracy of up to about 0.1″, which is comparable with 
impact of other potential error sources.
Precision tiltmeter HRTM (Kahlmann et  al. 2004), 
used in camera, has 50 prad (~1e-5”) resolution in ±2′ 
range. Due to background vibrations, RMS of continu-
ous series of readings varies from 2–3″ inside building to 
0.2.1″ on a stable base in city (Fig. 3), hopefully, in field 
conditions background vibrations will be less prominent. 
If plumb line direction is calculated using a series of 
~100 readings (obtained within 10–20 seconds), estimat-
ed direction accuracy should be well below 0.1″ (Fig. 4).
Presently accuracy of vertical deflection values, 
measured by prototype instrument, is expected at about 
0.1″–0.2″, of final configuration – better than 0.1″. How-
ever, actual values of accuracy remain to be found. Ze-
nith camera prototype now is close to readiness for ex-
perimental observations, we hope to obtain first real 
measurements of vertical deflection in near future.
3. Data model
The astrometric part of zenith camera takes images of 
near-zenith area. After identification of star images with 
reference catalog stars, the place of projection of reference 
ellipsoid’s normal to coordinate system of image can be 
determined. For this purpose, latitude and longitude of 
site, calculated using rectangular geocentric GNSS coor-
dinates, representing normal to reference ellipsoid’s sur-
face, are used to calculate apparent places of stars.
NOVAS software package (Kaplan et  al. 1989; Ka-
plan 2005) is the primary source of apparent places; it 
is possible also to use Starlink (Disney, Wallace 1982), 
which gives almost identical results.
Fig. 2. Star distribution density near zenith at midnight UT for site with 57dg latitude and 24 dg longitude
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In close vicinity of zenith, planar approximation of 
image coordinates is reasonably accurate (error in zenith 
distance z < 5 milliarcseconds if z < 0.25 dg and perpen-
dicularity of image plane to zenith direction is within 
0.25 dg); optical distortions and differential refraction in 
so small field also are very small. Besides, effect of these 
approximation errors on frame position is significant-
ly compensated, if reference star distribution is close to 
symmetric around zenith. In planar approximation, de-
pendency of rectangular image coordinates xS , yS on azi-
muth AZ and distance from ellipsoid normal’s projection 
point z can be represented as:
xS – xS0 = F × tg (z) × sin (AZ – A0), 
yS – yS0 = –F × tg (z) × cos (AZ – A0), (1)
where xS0, yS0 – projection of reference ellipsoid’s normal 
to image plane; F – focus distance; A0 – azimuth of im-
age coordinate system’s Y axis negative direction; direc-
tion of Y axis is down, as common for most imaging de-
vices. If xS, yS are measured in image pixels, also F needs 
to be expressed in pixels. As pixel spacing value usually 
is not given with any accuracy estimations, in practice F 
must be determined as one of unknown variables. Such 
determination of F incorporates also part of differential 
refraction and distortion effects and changes in focus 
distance caused by focusing.
System (1) can be solved if at least 2 stars are identi-
fied; calculations are iterative, convergence is fairly fast. 
Processing of images (Fig. 5) has demonstrated that 
typical frame model RMS is up to about 1/3 of pixel size 
(0.25″–0.35″ for current hardware configuration); it can 
Fig. 3. RMS of tiltmeter position (estimated using series of 100 readings) during a day
Fig. 4. Tiltmeter readings for a frame (sampling rate 10 per second)
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be slightly better if image quality is good, but deteriorates 
down to 1″–2″ in conditions of strong convection, wind 
or background vibrations. If number of stars per frame is 
about 20, that gives frame position accuracy estimation 
in good conditions of up to 50–60 milliarcseconds.
Tiltmeter measures coordinates of plumb line pro-
jection to tiltmeter coordinate plane xt , yt. Tiltmeter Z 
axis orientation need to be adjusted close to both plumb 
line and instrument rotation axis directions, practically 
accuracy of adjustment will always be limited to vertical 
deflection value – at least several arc seconds. The tiltme-
ter coordinate system will be rotated by some angle At 
relative to imager coordinate system, this angle should be 
either made very small by careful adjustment, or meas-
ured with at least a few arc minute accuracy, observing 
both stars and plumb line direction while changing rota-
tion axis direction within some vertical plane (for exam-
ple, slightly inclining the mount).
Observations, made at different mount rotation azi-
muths A, gives series of plumb line and ellipsoid’s nor-
mal positions in rotating coordinate systems of imager 
and tiltmeter. In case of ideal mount, trajectories of these 
positions would be circles, shifted from zero point:
XZA = X0A + Rz × sin (AZ – A),    
YZA = Y0A + Rz × cos (AZ – A), (2)
for projection of normal (X0A, Y0A depends on position 
of optical center on image and position of optical axis 
relative to rotation axis; RZ  – angle between ellipsoid’s 
normal and rotation axis; A0 – azimuth of ellipsoid nor-
mal’s projection as seen from rotation axis). 
Similarly,
XZG = X0G + RG × sin (AG – A), 
YZG = Y0G + RG × cos (AG – A), (3)
for tiltmeter zenith point (plumb line projection) (here 
RG  – angle between plumb line and rotation axis; AG  – 
azimuth of plumb line’s projection as seen from rotation 
axis; X0G and Y0G depend on position of tiltmeter Z axis 
relative to rotation axis). 
Assuming that rotation axis for both trajectories 
is the same, difference between (2) and (3) (taking into 
account differences in orientation and scale of both in-
volved coordinate systems) describes position of ellip-
soid’s normal relative to plumb line in rotating coordi-
nate system:
XZA – XZG = x0 – sin A × YD + cos A × XD , 
YZA – YZG = y0 + sin A × XD + cos A × YD , (4)
where x0, y0  – center of circle; A  – current azimuth of Y 
axis negative direction; XD and YD – components of verti-
cal deflection (angle from ellipsoid ’s normal to plumb line) 
in topocentric coordinate system (Easting and Northing).
Formulas (4) represent a circle in rotating coordinate 
system (Fig. 6); size and phase of it is determined by verti-
cal deflection value, position  – by leveling of instrument 
and adjustment of its components. System of equations (4) 
can be solved using standard least squares algorithm.
As far as both imager and tiltmeter experience the 
same changes in orientation, if the whole rotating part of 
instrument moves, difference (4) is invariant to irregu-
larities of instrument rotation and changes in orientation 
Fig. 5. Processed image of zenith area. Catalog stars (up to 13m) are shown by vertical marks,  
image prototypes - by sloped marks, green lines represent approximation residuals
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of supporting structure, provided changes of orientation 
do not occur while capturing frame image and tiltmeter 
readings. Consequently, requirements to instrument base 
stability and rotation mechanism accuracy do not have 
to be very strong, it is enough, that instrument has good 
stability within time intervals (typically 10–20 seconds) 
when frame measurements are captured. On the other 
hand, relative orientation of imaging system and tiltme-
ter must be as stable as possible, thermal motions in this 
mechanical structure probably will be the factor, limiting 
duration of observation session.
Unlike difference (4), individual behavior of (2) and 
(3) is affected by irregularities of support plane and bear-
ings, possible changes in instrument orientation, modulat-
ing the ideal case circles with quite complex patterns. Prop-
erties of irregularities may be individual for each exemplar 
of mount. In particular, most of our prototype camera ir-
regularities can be described as sum of two cylindrical de-
formations of the support plane with opposite directions 
of curvature, adding additional 3rd harmonic members in 
formulas (2) and (3) with amplitudes of about 33″ and 2″, 
resulting in zenith point trajectories like figure 7. 
4. Software
Our intention is to make the process of observations 
and data processing as automated, as possible. If instru-
ment is properly adjusted and settings specified, the only 
Fig. 6. Observed differences between directions of plumb line and reference ellipsoid’s normal  
in rotating coordinate system. The red radius represents position when Y axis points to South
action, needed to be done by operator, should be starting a 
session. Most of principal components for such operation 
mode are already in place. Nevertheless, we have an im-
pression, that some manual quality control always will be 
Fig. 7. Reference ellipsoid’s normal (blue) and plumb line direction 
(green) trajectories in rotating coordinate system and difference 
between them (black), representing their relative rotation
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necessary, therefore all processes can be controlled manu-
ally and are visualized whenever it was found helpful.
The control computer has Windows operating sys-
tem. It should be equipped with USB and wired and 
wireless (WiFi) communication devices for instrument 
control and data acquisition. Control program is written 
in C and uses several third party functional libraries - for 
hardware control (actuators, stepper motors, imaging 
devices) and calculation of astrometric apparent places 
(NOVAS or StarLink). 
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